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BREAKUP OF A LIQUID I N  A TRANSVERSE FLOW OF GAS 

by Bruce J. Clark 

Lewis  Research Center 

SUMMARY 

The breakup of a water j e t  exposed t o  a f low of nit rogen at r i g h t  angles  
t o  it has been demonstrated by photographs and by  measurement of i t s  e l e c t r i c a l  
r e s i s t a n c e .  The photographs show t h a t  t h e  j e t  spreads p rogres s ive ly  t r a n s v e r s e  
t o  t h e  f low of gas and t h a t  drops and l igaments tear o f f  along t h e  edges of t h e  
thinned out j e t .  The e l e c t r i c a l  r e s i s t a n c e  of t h e  je t  increases  as t h i s  break- 
up progresses  and is  a measure of t h e  c ros s - sec t iona l  a r e a  of t h e  po r t ion  of 
t h e  j e t  remaining i n t a c t .  A s  measured by t h e  e l e c t r i c a l  r e s i s t ance ,  t h e  degree 
of l i q u i d  breakup is  c o r r e l a t e d  g r a p h i c a l l y  with t h e  parameters inf luencing t h e  
breakup. By d i f f e r e n t i a t i n g  t h e  expression f o r  t h e  r e s i s t a n c e  with respect  t o  
j e t  length,  t h e  following expression i s  obtained f o r  r e l a t i v e  c ros s - sec t iona l  
area remaining a t  any point  i n  t h e  j e t :  

- A = [0.00392(7.68~ - 1)(~ - 1)2-34 + 11-l 
A 0  

2 2 
pg vt i s  gas densi ty ,  p i s  l i q u i d  densi ty ,  

where E = % P l  (-I"-> ?Do = .2 (%) , pg 1 

V = {m i s  re la t ive v e l o c i t y  between gas and l i qu id ,  vz i s  l i q u i d  ve- 

l o c i t y ,  Do i s  l i q u i d  j e t  diameter, L i s  d i s t a n c e  over which l i q u i d  i s  acted 
upon by gas, and t i s  t ime during which l i q u i d  i s  a c t e d  upon by gas. 

The photographs of t h e  spreading l iqu id  and t h e  form of t h e  c o r r e l a t i n g  
parameter E f o r  degree of breakup support t h e  v i e w  t h a t ,  because of t h e  gas 
flow, an e x t e r n a l  p re s su re  d i s t r i b u t i o n  e x i s t s  around t h e  je t  t h a t  i s  s i m i l a r  
t o  t h a t  around a s o l i d  cy l inde r .  The l i q u i d  responds i n e r t i a l l y  t o  t h i s  ac- 
c e l e r a t i n g  force,  w i th  su r face  t e n s i o n  and v i s c o s i t y  e f f e c t s  being n e g l i g i b l e  
at  reasonably high Weber and Reynolds numbers. The turbulence-produced rough- 
ness of t h e  j e t  i s  adequate t o  make t h e  j e t  see a t o t a l  gas  v e l o c i t y  equal  t o  
t h e  v e c t o r  sum of gas and l i q u i d  v e l o c i t i e s ,  s o  t h a t  d i s t o r t i o n  rate i s  pro- 
p o r t i o n a l  t o  ~2 + vf and not +' alone. 

Applicat ion of t h e s e  r e s u l t s  t o  o the r  j e t  and drop breakup data,  al though 
obtained under widely varying condi t ions,  r e s u l t s  i n  an approximate c o r r e l a t i o n  
of t h o s e  r e s u l t s .  



INTRODUCTION 

Recently, considerable  a t t e n t i o n  has been given t o  t h e  phys ica l  process of 
i n j e c t i o n  and i t s  r o l e  i n  t h e  c o n t r o l  of the  rate and/or completeness of com- 
bus t ion  (refs. 1 t o  5).  Most of t h e  i n t e r e s t  has been concentrated on t h e  drop 
s i z e s  produced by d i f f e r e n t  t y p e s  of i n j e c t o r s  under va r ious  environmental con- 
d i t i o n s .  Some work has been performed t o  determine how t h e  atomization process 
t h a t  produces t h e  drops can be  modified or completely changed i n  cha rac t e r  by 
environmental changes ( ref .  6 ) .  Comparatively l i t t l e  has been r epor t ed  on t h e  
r a t e  of t h e  breakup process  i tself  and how t h i s  rate i s  influenced by such 
v a r i a b l e s  as d e n s i t i e s ,  v e l o c i t i e s ,  and i n j e c t o r  and combustor geometry. 

J e t -pene t r a t ion  s t u d i e s  have been made f o r  many years  with t h e  ob5ective 
of p r e d i c t i n g  maximu! t r ave l  of a f i r e -hose  sp ray  and minimum l e n g t h  of f ree  
j e t  necessary t o  avoid e l e c t r i c a l  shock hazard ( r e f s .  
s t u d i e s  have been made with a g r i c u l t u r a l  sprays and o i l  burner sprays (refs.  11 
and 1 2 ) .  Considerable work has been done on t h e  l e n g t h  and t h e  r a t e  of pene- 
t r a t i o n  of t h e  spray from a d i e s e l  i n j e c t o r  i n t o  t h e  combustion chamber ( re fs .  
11 t o  1 4 ) .  In  those s tud ie s ,  t h e  surrounding gas was stagnant except f o r  t h e  
flow induced by t h e  l i q u i d  j e t .  

7 t o  10).  S imi l a r  

Mass d i s t r i b u t i o n  and drop s i z e  measurements have been made f o r  t h e  break- 
up of f u e l  j e t s  i n  a c rosscu r ren t  f low of gas  ( ref .  15). Earl ier  i n v e s t i g a t o r s  
(ref.  1 6 )  showed p i c t u r e s  of  breakup at low v e l o c i t i e s  i n  crosscurrent  flow. 
Others (refs.  1 7  t o  36) have s tud ied  the  behavior of drops and sprays i n  t h e  
gas  flow i n  a shock t u b e  o r  b l a s t  gun or i n  d i f f e r e n t  t y p e s  of t unne l s .  

I n  s t eady- s t a t e  combustion, t h e  r a t e  of l i q u i d  breakup, as w e l l  as t h e  
vapor i za t ion  r a t e ,  i s  important i n  p r e d i c t i n g  t h e  t o t a l  t ime or l e n g t h  r equ i r ed  
f o r  complete combustion. I n  o s c i l l a t o r y  combustion, a p o s s i b l e  mechanism for 
amplifying t h e  i n s t a b i l i t y  i s  t h e  inc rease  i n  energy r e l e a s e  rate caused by 
more r a p i d  atomization immediately behind t h e  p re s su re  wave. The p r e d i c t i o n  
of l o c a l  heat r e l e a s e  and h e a t - t r a n s f e r  rates a l s o  r e q u i r e s  a knowledge of t h e  
l i q u i d  breakup rate. 

In  t h i s  s tudy t h e  p a r t i c u l a r  case of a c y l i n d r i c a l  l i q u i d  j e t  formed by a 
simple o r i f i c e  and atornized by a t r a n s v e r s e  f low of gas i s  inves t iga t ed  ex- 
per imental ly  by measuring i t s  e l e c t r i c a l  r e s i s t a n c e .  The s i g n i f i c a n t  param- 
eters v a r i e d  are gas densi ty ,  gas ve loc i ty ,  l i q u i d  ve loc i ty ,  o r i f i c e  diameter, 
and d i s t a n c e  along t h e  j e t  over which t h e  gas  flow impinges on t h e  l i q u i d .  R e -  
s u l t s  a r e  c o r r e l a t e d  i n  terms of a parameter de r ived  from a suggested mechanism 
by which breakup occurs. Atomization or breakup r a t e  f o r  any point  i n  t h e  j e t  
can be ca l cu la t ed  frorn t h e  experimental da t a .  

SYMBOLS 

A c ross - sec t iona l  a r e a  of l i q u i d  j e t  

A, o r i g i n a l  c r o s s - s e c t i o n a l  area of l i q u i d  jet 
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nonaxial  a c c e l e r a t i o n  of l i q u i d  i n  j e t  

m a x i m u m  observed d rop le t  diameter 

l i q u i d  j e t  diameter 
\ 

volume-median d rop le t  diameter 

e f f e c t i v e  a c t i o n  d i s t a n c e  ind ica t ed  by v e l o c i t y  p r o f i l e  

a c c e l e r a t i o n  due t o  g r a v i t y  

d i s t a n c e  from i n j e c t o r  exi t  over which l i q u i d  is  a c t e 3  upon by gas 

l eng th  of l i q u i d  i n j e c t o r  hole  

co r rec t ion  f a c t o r  f o r  nonunifom gas v e l o c i t y  and f o r  length-  
averaging of E 

p r e s su re  i n  gas phase, lb/sq in .  gage 

p res su re  i n  l i q u i d  phase 

l o c a l  con t r ibu t ion  of su r face  t e n s i o n  t o  l iquid-phase p re s su re  

e l e c t r i c a l  r e s i s t a n c e  of given l e n g t h  of l i q u i d  j e t  

Reynolds number, (DoUpg)/pg 

ca l cu la t ed  r e s i s t a n c e  of given l e n g t h  of und i s to r t ed  l i q u i d  j e t  

p r i n c i p a l  r a d i i  of curvature  of su r face  

d i s t a n c e  i n  unspecif ied d i r e c t i o n  

time l i q u i d  has been exposed t o  gas f l o w  

gas  v e l o c i t y  

relative v e l o c i t y  of gas wi th  r e spec t  t o  t h e  l i qu id ,  d- 
axial  v e l o c i t y  of l i q u i d  j e t  

t o t a l  width of l i q u i d  j e t  a f t e r  spreading 

Weber number, (pgUzDo)/o 

nonaxial  v e l o c i t y  i n  l i q u i d  phase 

X 

I 

d i s t a n c e  i n  d i r e c t i o n  of l i q u i d  i n j e c t i o n  
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Y d i s t a n c e  i n  d i r e c t i o n  of gas  f l o w  

6 m a x i "  displacement of l iquid i n  i t s  d i s t o r t e d  c ros s  s e c t i o n  

E re lat ive d i s t o r t i o n  of l iquid j e t  cross sect ion,  
pg vt 2 

S/Do = % 
= pl (5) VZDo 

Eav l eng th  average of E, N 

I-L abso lu te  v i s c o s i t y  

E 

P dens it y 

nondimensional d i s t a n c e  along l i q u i d  je t ,  x/L 

e l e c t r i c a l  res i s t iv i ty  PE 

0 su r face  t e n s  ion 

Subsc r ip t s  : 

b at complete breakup 

g i n  gas phase 

i a t  i n i t  ia t  ion  of breakup 

2 i n  l i q u i d  phase 

max maximum 

EQUIPMEW AND PROCEDURE 

The gene ra l  arrangement of t h e  t e s t  apparatus  is  show;? i n  f i g u r e  1. A 
5-inch p ipe  t e e  i s  f i t t e d  wi th  windows on each end and a d r a i n  valve at t h e  
bottom. 
impingement zone a r e  shown i n  f i g u r e  2. 

Nitrogen gas and water a r e  introduced near t h e  top.  Details of t h e  
The l o n g i t u d i n a l  b a f f l e  reduces t h e  
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amount of vortexing induced by t h e  high v e l o c i t y  gas.  

Two d i f f e r e n t  gas i n j e c t o r s  were used t o  provide v a r i a t i o n s  i n  t h e  a c t i o n  
d i s t a n c e  over which t h e  gas  f low r e a c t s  w i t h  t h e  stream of water ( f i g .  3 ) .  By 
r o t a t i n g  t h e s e  i n j e c t o r s  90' (designated I' and II'), f o u r  d i f f e r e n t  a c t i o n  
d i s t a n c e s  could be used. The gas  v e l o c i t y  p r o f i l e s  of t h e s e  i n j e c t o r s  w e r e  
measured by  a t o t a l  head probe and are shown i n  f i g u r e  4. The t o t a l  head 
probe was simply a v e r t i c a l  tube,  118 i nch  i n  diameter and closed at t h e  bot-  
tom end. T o t a l  head w a s  sensed through a 0.04-inch hole  d r i l l e d  through t h e  
s ide,  112 inch from t h e  end. An e f f e c t i v e  a c t i o n  d i s t a n c e  da f o r  each i n -  
j e c t o r  w a s  taken from t h e  width of t h e  v e l o c i t y  p r o f i l e  at 70 percent of maxi- 
mum ve loc i ty ;  t h i s  e f f e c t i v e  a c t i o n  d i s t a n c e  was used only f o r  approximate 
cornparisons between gas i n j e c t o r s .  The v e l o c i t y  of t h e  i n j e c t e d  gas was con- 
t r o l l e d  by c r i t i c a l  f low nozzles as shown i n  f i g u r e  1. Flow nozzle s i z e s  and 
approximate values  of r e s u l t a n t  v e l o c i t i e s  i n  t h e  gas  i n j e c t o r s  are l i s t e d  i n  
t h e  following t a b l e :  

Diameter 
of f low 
nozzle, 

i n .  

.. 

0.440 
.390 
.360 
.312 
.281 
.249 
.204 
.1695 
.1405 

- -~ - 

- - --. 

Gas veloci ty ,  
u, 

f t / s e c  
.. . 

G a s  i n j e c t o r  
- 

I and I' 

5 48 
430 
36 5 
273 
220 
173 
115 

78 
52 

. __ 

I1 and 11' 

310 
245 
208 
155 
12  5 

98 
65 

--- 
--- 

G a s  p re s su re  w a s  c o n t r o l l e d  by  a r e g u l a t o r  and measure3 by a s t r a i n  gage, and 
gas temperature was measured by a bare-wire thermocouple. 

The w a t e r  i n j e c t o r s  ( f i g .  3 (b ) )  w e r e  made of 0.065-, 0.089-, and 0.120- 
inch inside-diameter tubing, with l e n g t h  t o  diameter r a t i o s  of 19, 14, and 
10.4, r e spec t ive ly .  A l l  had sharp-edged approach s e c t  ions.  An a d d i t i o n a l  
water i n j e c t o r  was made of 0.089-inch inside-diameter tubing with a l e n g t h  t o  
diameter r a t i o  of 100. D a t a  from t h i s  i n j e c t o r  are shown i n  t h e  photographs 
but  not i n  t h e  c o r r e l a t e d  data. 

Water f low was c o n t r o l l e d  by p res su r i z ing  a t a n k  and measured by a 
tu rb ine - type  flowmeter. 
gage and thermocouple. 

Water p res su re  and temperature were  t aken  by s t r a i n  

A movable e l e c t r i c a l  probe screen (refs.  7, 37, and 313) at e i ther  300 or 
67.5 v o l t s  d-c p o t e n t i a l  was used t o  measure t h e  e l e c t r i c a l  conduction of t he  
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w a t e r  stream from water i n j e c t o r  t o  screen ( f i g .  2 ) .  The e l e c t r i c a l  c i r c u i t  
f o r  t h e s e  measurements i s  shown i n  f i g u r e  5. The conduct iv i ty  of t a p  wter 
was such that t h e  j e t  r e s i s t a n c e  was of t h e  order  of 1 megohm. For each par- 
t i c u l a r  j e t  diameter and length,  measured va lues  of t h e  undis tor ted  j e t  resis-  
t a n c e  with no gas v e l o c i t y  w e r e  averaged f o r  t h e  values of Ro used i n  cor re-  
l a t i n g  t h e  da ta .  Because of c a v i t a t i o n  and turbulence  e f f e c t s  on t h e  je t  c ross  
sect ion,  t h e s e  measured r e s i s t a n c e s  with no gas  v e l o c i t y  averaged 30 percent  
above those  ca l cu la t ed  f o r  a smooth cy l inder  using t h e  measured conduct iv i ty  of 
t h e  water. Tests were made i n  a conduct iv i ty  tube  ( f i g .  5)  a t  var ious  cur ren t  
d e n s i t i e s  and l i q u i d  v e l o c i t i e s  t o  ensure t h a t  t h e r e  w e r e  no po la r i za t ion  or 
v e l o c i t y  e f f e c t s  on t h e  ion ic  conduct iv i ty  of t h e  water. 

Resis tance readings and photographs were taken during r e l a t i v e l y  shor t  
per iods  of water flow, while t h e  gas  flow was steady. This procedure w a s  
necessary t o  avoid se r ious  e l e c t r i c a l  shor t  c i r c u i t i n g  from the  probe screen 
t o  t h e  wal l s .  

For d i f f e r e n t  gas  in j ec to r s ,  t h e  screen pos i t i on  w a s  changed t o  coincide 
w i t h  t h e  point  where t h e  gas  v e l o c i t y  had dropped of f  t o  70 percent of t h e  
m a x i m u m .  

Photographs of breakup at var ious  condi t ions were taken  with a 4 by 5 
camera w i t h  Polaroid back, using 3000 speed f i l m .  F i c tu re s  were taken  with a 
20-inch f /5 .6  l e n s  and wi th  a 122 -inch f / 6 . 3  lens .  A d i f f u s e  screen was used 

f o r  backl ight ing,  i l lumina ted  by a 1/2-microsecond 7- j ou le  a i r  spark.  
of f i e l d  was necessa r i ly  s m a l l  t o  keep t h e  d rop le t s  on t h e  chamber windows 
completely out of focus.  The mir ror  arrangement shown i n  f i g u r e  1 w a s  used t o  
ob ta in  t he  two perpendicular  views of t h e  breakup simultaneously.  

1 

Depth 

MODEL OF B R m  PROCESS 

The model proposed i n  t h i s  repor t  for t h e  con t ro l l i ng  mechanism of break- 
up of a l i q u i d  j e t  i n  a c rosscur ren t  f low of gas can be deduced from a con- 
s i d e r a t i o n  of t h e  i n t e r n a l  and ex te rna l  fo rces  ac t ing  on t h e  l i q u i d .  Contrib- 
u t i n g  t o  t h e  breakup process  are t h e  normal and t a n g e n t i a l  components of t h e  
dynamic pressure  of t h e  flowing gas on t h e  l i q u i d  sur face .  These tend  t o  bend 
t h e  l i q u i d  stream i n  the  d i r e c t i o n  of t h e  gas  flow, t o  d i s t o r t  t h e  c ross -  
s e c t i o n a l  shape of t h e  l i qu id ,  and t o  t e a r  l i q u i d  of f  from t h e  sur face  a t  
p a r t i c u l a r  regions along t h e  stream periphery.  The su r face  t ens ion  of t h e  
l i q u i d  tends  i n i t i a l l y  t o  r e s t o r e  t h e  l i q u i d  t o  i t s  o r i g i n a l  c ross -sec t iona l  
shape; however, i n  t h e  l a t e r  s t ages  of breakup, it a c t u a l l y  assists i n  the  
process  of d i s in t eg ra t ion .  Considerable turbulence i s  generated i n  t h e  l i q u i d  
i n  t h e  en t ry  region of t h e  i n j e c t o r ,  and t h i s  cont r ibu tes  t o  t h e  sur face  rough- 
ness  of t he  l i q u i d  as it emerges from t h e  tube  or  o r i f i c e .  The v i s c o s i t y  of 
t h e  l i q u i d  resists a l l  r e l a t i v e  motion within t h e  l iqu id ,  and hence r e t a r d s  
t h e  e f f e c t s  of t h e  ex terna l ,  surface,  and tu rbu len t  forces .  

To eva lua te  t h e  ex te rna l  fo rces  on t h e  l i qu id ,  it i s  assumed t h a t  t h e  
boundary l a y e r  and wake formed i n  t h e  gas phase are s i m i l a r  t o  t hose  formed 
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under s t e a d y - s t a t e  condi t ions about a s o l i d  cy l inde r  of s i m i l a r  s i z e .  Refer- 
ences 39 t o  42 present  measured d a t a  f o r  t h e  p re s su re  d i s t r i b u t i o n  around com- 
p a r a t i v e l y  l a r g e  c i r c u l a r  cy l inde r s  ( f i g .  6 ) .  Both the  normal and t h e  tangen- 
t i a l  stress components are given as f r a c t i o n s  of t h e  dynamic pressure of t h e  
gas  pgU . 
circumference t h a t  s epa ra t ion  occurs; however, th i s  t a n g e n t i a l  stress i s  two 
or three o rde r s  of magnitude less t h a n  t h e  normal p re s su re  exerted on the  
cy l inde r .  Hence, t h e  normal component w i l l  b e  p r imar i ly  responsible  f o r  d i s -  
t o r t i n g  a l i q u i d  cyl inder ,  while t h e  t a n g e n t i a l  component w i l l  probably b e  
adequate t o  shred o f f  some l i q u i d  a t  t h e  point  where t h e  boundary l a y e r  sepa- 
rates. F igu re  6 p re sen t s  t h e  noma1 p res su re  d a t a  of reference 39 obtained 
for a 3-inch cy l inde r  i n  a wind t u n n e l  a t  a Reynolds number i n  t h e  range of 
t h i s  study. 
cy l inde r  measured i n  t h e  present  s tudy  by r o t a t i n g  t h e  t o t a l  head probe. I n  
s p i t e  of d i f f e r e n c e s  i n  t h e  gas stream 2nd cy l inde r  s ize ,  t h e  measured d i s -  
t r i b u t i o n s  are q u i t e  similar. The m a x i m u m  d i f f e r e n c e  i n  pressure i s  between 
t h e  s t agna t ion  po in t  and t h e  p o i n t s  of s epa ra t ion  on each s i d e  and i s  about 
tw ice  t h e  dynamic pressure.  

2 The m a x i "  t a n g e n t i a l  s t r e s s  occurs at about t h e  p l ace  on t h e  

Shown a l s o  i s  t h e  normal p re s su re  d i s t r i b u t i o n  around a 1/8-inch 

The a c t u a l  l i q u i d  j e t  i s  not a smooth cy l inde r  except a t  very low flows, 
but p re sen t s  a rough su r face  t o  t h e  gas flow (refs.  37 and 43). 
t i o n  point  on each rough protuberance, t h e  dynamic pressure would be  
p (U2 + v?), from t h e  v e c t o r  sum of t h e  gas and l i q u i d  v e l o c i t i e s ,  r a t h e r  t h a n  

A t  t h e  stagna- 

g 

I n  a d d i t i o n  t o  t h e s e  e f f e c t s ,  gas-phase turbulence and i r r e g u l a r  vo r t ex  
shedding i n  t h e  wake of t h e  l i q u i d  cy l inde r  w i l l  produce waviness i n  t h e  j e t .  

Surface t e n s i o n  of t h e  l i q u i d  t r i e s  t o  maintain a c i r c u l a r  c ros s  s e c t i o n  
of t h e  j e t .  The p res su re  generated by the  su r face  t e n s i o n  i s  

where CT is  t h e  surface t e n s i o n  and rl and r2 a r e  t h e  p r i n c i p a l  r a d i i  of 
curvature of t h e  surface.  The surface- tension p res su re  within a smooth l i q u i d  
j e t  i s  t h e n  2u/D0. The p res su re  w i l l  be  l o c a l l y  higher at a s m a l l  protuber- 
ance; thus,  t h e  protuberance t ends  t o  smooth out.  If t h e  protuberance grows 
t o  a ligament wi th  i t s  l e n g t h  g r e a t e r  t h a n  i t s  diameter, su r f ace  t e n s i o n  pro- 
duces a higher  p re s su re  i n  t h e  "neck" so  t h a t  t h e  ligament i s  pinched o f f .  
For t h e  p re s su re  generated by su r face  t e n s i o n  t o  be  t h e  magnitude of t h e  dy- 
namic pressure,  t h e  r ad ius  of curvature  would have t o  b e  about one one- 
thousandth of t h e  l i q u i d  j e t  r ad ius .  The Weber number W e  = (pgU2Do)/a ex- 
p re s ses  t h e  r a t i o  of dynamic f o r c e s  t o  surface- tension fo rces .  For a cy l inde r  
t hese  f o r c e s  a r e  equal  a t  a Weber number of 4. High Weber numbers i n d i c a t e  
t h a t  surface- tension f o r c e s  are n e g l i g i b l e  compared t o  e x t e r n a l  dynamic fo rces .  
I n  t h i s  study t h e  Weber numbers a r e  r e l a t i v e l y  high, and surface- tension f o r c e s  
a r e  neglected.  
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If relat ive gas  v e l o c i t y  V, gas d e n s i t y  pg, l i q u i d  d e n s i t y  p1, l i q u i d  
j e t  diameter Do, and a c t i o n  t h e  t are assumed t o  be t h e  important variables 
a f f e c t i n g  t h e  breakup of a l i q u i d  j e t ,  a dimensionless number ( pg/p1)(Vt/Do)2 
can be formed, which expresses  t h e  r a t i o  of t h e  e x t e r n a l  dynamic f o r c e s  t o  t h e  
i n e r t i a l  r e s i s t a n c e  of t h e  l i q u i d  f o r  a given deformation r a t e .  

This same dimensionless number can be der ived by i n t e g r a t i o n  of t h e  momen- 
t u m  equation f o r  t h e  l i q u i d  phase, assuming t h a t  t h e  pressure g rad ien t  can be 
taken constant w i th  t i m e :  

Let 

where 2($ pgV2) r ep resen t s  t h e  p re s su re  d i f f e r e n c e  4 between s t agna t ion  and 

and sepa ra t ion  po in t s .  The d i s t a n c e  A s  between t h e s e  p o i n t s  i s  i n i t i a l l y  
1 3 Do, i nc reases  during t h e  f i rs t  s t a g e  of deformation t o  around Do, and then  

decreases  t o  zero as breakup approaches completion. i s  t aken  as an 
approximat e average value of 

Thus, - 1 Do 
2 As. 

By order-of-magnitude a n a l y s i s  of t h e  momentum equation, it can be shown 
t h a t  t h e  viscous term i s  about fou r  o rde r s  of magnitude l e s s  t han  t h e  p re s su re  
term f o r  condi t ions t y p i c a l  of t hese  experiments, and t h e  g r a v i t a t i o n a l  term i s  
even smaller.  Hence, g r a v i t a t i o n a l  and viscous e f f e c t s  a r e  neglected.  Then 
t h e  a c c e l e r a t i o n  of t h e  l i q u i d  i n  a d i r e c t i o n  t r a n s v e r s e  t o  t h e  gas flow can be 
approximated by 

By in t eg ra t ion ,  

P v2 
P l  Do 

w = 2 A - t  (4) 

L e t  
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The parameter E is  t h e n  the  relative d i s t o r t i o n  of t h e  l i q u i d  c r o s s  sect ion,  
and t h e  t r ansve r se  spreading of the j e t  i s  then 

W = Do + 26 = Do(l + 2 ~ )  (7) 

Numerical i n t e g r a t i o n  f o r  t h e  above equat ions wi th  As dependent on t h e  
degree of d i s t o r t i o n  i n d i c a t e s  tha t  t h e  c o r r e c t i o n  t o  W would be less t h a n  
30 percent .  

The following ske tch  i l l u s t r a t e s  t h e  proposed model f o r  t h i s  primary 
mechanism of breakup of a l i q u i d  j e t  i n  a c r o s s  flow of gas: 

U n d i s t  o r t  ed  
cross s e c t i o n  

D i s t o r t e d  
c ros s  s e c t i o n  

0 

Atomized  l i q u i d  
\ p a r t i a l l y  
I e n t r a i n e d  

Breakup 

i n  

The e x t e r n a l  p re s su re  d i s t r i b u t i o n  c r e a t e s  a p res su re  gradient  w i th in  t he  
l i qu id ,  r e s u l t i n g  i n  f l a t t e n i n g  of t h e  l i q u i d  j e t  t r a n s v e r s e  t o  the  flow of 
gas.  A t  t h e  edges of t h i s  f l a t t e n e d  sheet drops and l igaments a r e  t o r n  o f f  
by t h e  combined a c t i o n  of t h e  t a n g e n t i a l  stress and su r face  t ens ion .  The r a t e  
of breakup i s  s s u m e d  t o  be  c o n t r o l l e d  by t h e  d i s t o r t i o n  ra te  of t h e  l i q u i d  
c ros s  sec t ion .  High v i s c o s i t y  w i l l  r e t a r d  t h e  d i s t o r t i o n ,  but  t h e  c o n t r o l l i n g  
s t e p  should remain t h e  s a m e .  T h i s  model would not apply f o r  t h e  cases  where 
su r face  f o r c e s  are comparable t o  dynamic forces ,  r e s u l t i n g  i n  low Weber num- 
be r s .  

MPERl3B"TAL RESULTS 

Evidence of t h e  degree of l i q u i d  breakup i s  presented i n  photographs and 
i n  t e r m s  of e l e c t r i c a l  r e s i s t a n c e .  Photographs showing t h e  independent e f f e c t s  
of t h e  va r ious  f a c t o r s  a f f e c t i n g  breakup are presented i n  f i g u r e s  7 t o  11. 
For comparison, t h e  e lectr ical  r e s i s t a n c e  of t h e  water j e t  i s  given, where Ro 
i s  t h e  average measured r e s i s t a n c e  of t he  und i s to r t ed  j e t  with no gas v e l o c i t y .  
It i s  evident t h a t  degree of breakup and r e s i s t a n c e  bo th  inc rease  d i r e c t l y  with 
gas v e l o c i t y  U ( f i g .  9), d e n s i t y  (or pres su re  Pg) ( f i g .  8 ) ,  and e f f e c t i v e  
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a c t i o n  d i s t a n c e  d, ( f i g .  11). Breakup and r e s i s t a n c e  v a r y  i n v e r s e l y  w i t h  
l iquid v e l o c i t y  vz ( f i g .  7 )  and jet  diameter Do ( f i g .  10). A t  low degrees 
of breakup the  e f f e c t  on e l e c t r i c a l  r e s i s t a n c e  i s  masked by  v a r i a t i o n s  i n  i n i -  
t i a l  roughness of t h e  jet ,  which a l s o  causes a n  inc rease  i n  t h e  t o t a l  resis- 
t a n c e  (see f i g .  10). 

The mechanism of breakup becomes c l e a r e r  from photographs taken along t h e  
a x i s  of gas  flow ( f i g .  1 2 ) .  Spreading of t h e  l i q u i d  j e t  t r a n s v e r s e  t o  t h e  f low 
of gas inc reases  with gas d e n s i t y  and decreases  with j e t  v e l o c i t y .  A t  t h e  l e f t  
i n  each photograph a t  t h e  s a m e  s c a l e  i s  t h e  l i q u i d  spreading p a t t e r n  c a l c u l a t e d  
from t h e  d i s t o r t i o n  rate p red ic t ed  by t h e  model (eq. ( 7 ) ) .  These are seen t o  
correspond f a i r l y  we l l  i n  magnitude and t r e n d  wi th  t h e  photographs. Other 
photographs taken at very l o w  l i q u i d  v e l o c i t i e s  and gas  d e n s i t i e s  show spread- 
ing of t h e  jet  and a d i s t i n c t  t h inn ing  of t h e  j e t  i n  t h e  o the r  c ros s - sec t iona l  
dimension. 

The assumptions i n  t h e  model regarding t h e  t y p e  of d i s t o r t i o n  undergone 
by t h e  l i q u i d  during t h e  breakup process are t h u s  borne out by photographic 
evidence. S t r ipp ing  o f f  of l i q u i d  a t  t h e  edges of t h e  je t ,  as assumed i n  t h e  
model, i s  shown i n  t h e  p i c t u r e s .  Also, t h e  e l e c t r i c a l  r e s i s t a n c e  i s  shown t o  
correspond c l o s e l y  with t h e  observed degree of breakup. 

To check t h e  re la t ive e f f e c t s  of gas densi ty ,  gas ve loc i ty ,  and l i q u i d  
j e t  diameter experimentally, prel iminary d a t a  were t aken  with only gas i n -  
j e c t o r  11, and a d j u s t i n g  t h e  l i q u i d  v e l o c i t y  t o  g ive  a f i x e d  value of 
R/Ro = 3 ( f i g .  13). 
from t h e  end of t h e  l i q u i d  i n j e c t o r  r a t h e r  t han  t h e  usua l  0.80 inch. Thus, 
t h e s e  r e s i s t a n c e  d a t a  cannot be  compared d i r e c t l y  with t h o s e  i n  t h e  photographs 
o r  w i t h  t h o s e  presented subsequently. 

I n  t h i s  ca se  t he  e l e c t r i c a l  probe w a s  0.66 and 0.46 inch  

The following i n t e r r e l a t i o n s  of several of t h e  experimental  f a c t o r s  are 
shown c l e a r l y  i n  t h e  r e s u l t s :  

(1) The a c t i o n  t ime i s  a func t ion  of t h e  dynamic p res su re  

( 2 )  The vector  sum JU- 

pgV2 exer ted 
by t h e  gas  stream. 

of gas and l i q u i d  v e l o c i t i e s  r a t h e r  t han  
s o l e l y  t h e  gas v e l o c i t y  i s  e f f e c t i v e  i n  breaking up t h e  j e t .  This i s  i n  agree- 
ment w i t h  t h e  suggestion i n  t h e  model presented t h a t  a rough-surfaced je t  
would sense a s t agna t ion  p res su re  dependent on t h e  vec to r  sum of l i q u i d  and 
gas v e l o c i t i e s .  The r a t i o  of gas  t o  l i q u i d  v e l o c i t i e s  ranges from 0.662 t o  
5.07.  Considerably more spread i n  t h e  d a t a  occurred c o r r e l a t i n g  with p U2 g i n s t e a d  of pg(U2 + v!). 

(3) The r a t e  of breakup i s  i n v e r s e l y  p ropor t iona l  t o  t h e  diameter 
squared. This i s  i n  c o n t r a s t  t o  t h e  at tempts  of o the r  i n v e s t i g a t o r s  t o  p re -  
d i c t  t h e  rate of breakup i n  terms of Weber nurnber, implying t h a t  t h e  l a r g e r  
l i q u i d  j e t  breaks up more e a s i l y .  This  fol lows from t h e i r  assumption t h a t  t h e  
primary r e s i s t a n c e  t o  t h e  d i s t o r t i n g  f o r c e s  i s  t h e  s u r f a c e  t ens ion .  The cor- 
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i n  f i g u r e  13 i n d i c a t e s  t h a t  i n e r t i a  r a t h e r  than surface- tension f o r c e s  con t ro l s  
t h e  r a t e  of breakup; t h i s  conclusion i s  a l s o  supported by t h e  photographs i n  
f i g u r e  10. 

2 2 
P g U  + v  

(4)  The combined parameter - t2  i s  constant  f o r  t h e  given 
07 2 

0 
. L  u 

degree of breakup 
da = 0.56 inch. 

R/Ro = 3 and t h e  given e f f e c t i v e  a c t i o n  d i s t a n c e  
This i n v i t e s  comparison with t h e  r e l a t i v e  d i s t o r t i o n  

c a l c u l a t e d  i n  terms of t h e  model (eq. ( 6 ) ) .  

2 2 

2 '1 Do 

Pg u + vz 
can be  m a d e  at d i f -  S imi l a r  c o r r e l a t i o n s  of a c t i o n  t i m e  with - 

f e r e n t  degrees of breakup and a c t i o n  d i s t ances .  The degree of' breakup as mea- 
sured by e l e c t r i c a l  r e s i s t a n c e  can then  be  c o r r e l a t e d  with t h e  psrameter. 

I n  f i g u r e  14, this c o r r e l a t i o n  i s  shown f o r  each of t h e  gas i n j e c t o r s  
i nd iv idua l ly .  These ind iv idua l  p l o t s  are combined i n  f i g u r e  15. I n  t h e s e  
experiments t h e  gas v e l o c i t y  U did not maintain a constant  value over t h e  
a c t i o n  d i s t a n c e  L, as was shown i n  f i g u r e  4. Therefore, a doubly i n t e g r a t e d  
average of t h e  gas v e l o c i t y  with d i s t a n c e  must be used i n  c a l c u l a t i n g  E ( s ee  
appendix). The r e s i s t a n c e  r a t i o  R/Ro w i l l  depend on t h e  degree of breakup 
a l l  along t h e  l eng th  of l i q u i d  jet ,  so  t h a t  a l e n g t h  average of t h e  cor-  
r e c t e d  parameter E must be used. The c o r r e c t i o n  f a c t o r  t o  E r e s u l t i n g  
from c o r r e c t i n g  f o r  t h e  nonuniform gas v e l o c i t y  and averaging t h e  d i s t o r t i o n  
over t h e  j e t  l eng th  i s  N. 

E 

Data f o r  t h e  0.065-inch w a t e r  i n j e c t o r  and f o r  gas  i n j e c t o r  11' show t h e  
most s c a t t e r .  The 0.065-inch w a t e r  j e t  a l s o  appears t o  be a l i t t l e  more s t a b l e  
than  predicted.  The o v e r a l l  spread i n  t h e  data,  as shown i n  f i g u r e  15, is  
+25 percent i n  t h e  low breakup region (excluding below 1.0)  and *lo per- 
cent i n  t h e  high breakup region. 

An approximate average curve i s  drawn f o r  a l l  t he  data; t h e  equation of 



t h i s  average i s  

+ 1, 1) 3.34 R/Ro = 0.00392 (3cav - 
During t h e  experiments as cav was  decreased by inc reas ing  vl, it was ob- 
served t h a t  R/Ro approached a constant  va lue  of 1 at an va lue  of 0.3 t o  
0.5. The form and cons t an t s  of equation (8) are chosen t o  include t h i s  charac- 
t e r i s t i c  behavior.  

The following ranges of i n d i v i d u a l  parameters a r e  included i n  t h e  d a t a  of 
f i g u r e s  1 4  and 15: 

G a s  ve loc i ty ,  U, f t / s e c  . . . . . . . . . . . . . . . . . . . . . . .  
Liquid ve loc i ty ,  vz, f t / s e c  . . . . . . . . . . . . . . . . . . . . .  15 t o  155 
Liquid j e t  diameter, Do, i n .  . . . . . . . . . . . . . . . .  0.065,O. 089,O. 120 
E f f e c t i v e  a c t i o n  distance,  day in .  . . . . . . . . . . . . . .  0 . 3 5 , O .  56,O. 70 

Weber number, . . . . . . . . . . . . . . . . . . . . . .  

65 t o  430 
. . . . . . . . . . . . . . . . . .  20  t o  250 G a s  pressure,  Pg, lb/sq i n .  gage 

2 
31 t o  11,000 

pgu Do 
0 

Since t h e  minimum Weber number w a s  31, a l l  of t h e  data were t aken  under con- 
d i t i o n s  we l l  above t h e  t h r e s h o l d  of breakup c o n t r o l l e d  by s u r f a c e  f o r c e s .  

Neither l i q u i d  j e t  breakup nor t h e  e l e c t r i c a l  r e s i s t a n c e  of t h e  j e t  are 
t ime-steady q u a n t i t i e s .  Oscil loscope t r a c e s  of t h e  r e s i s t a n c e  ( f i g .  1 6 )  show 
t h e  same kind of high-frequency f l u c t u a t i o n s  t h a t  t h e  photographs of f i g -  
u r e s  7 t o  1 2  show. Although t h e  r e s i s t a n c e  varies over a t  least  a 3 t o  1 range 
i n  t h e s e  f luc tua t ions ,  t h e  average appears reasonably c l o s e  t o  t h e  average read 
from t h e  meter. Occasionally t h e  j e t  breaks completely giving an i n f i n i t e  
r e s i s t a n c e .  A t  lower j e t  v e l o c i t i e s  t h e  complete breaking appears more f re -  
quently,  although t h e  average r e s i s t a n c e  remains t h e  same. 

Seve ra l  f a c t o r s  may c o n t r i b u t e  t o  t h e  spread i n  c o r r e l a t e d  d a t a  shown i n  
f i g u r e  15. A t  s t e a d y  condi t ions of v e l o c i t y  and p res su re  repeated measure- 
ments i n  average R/Ro showed a v a r i a t i o n  of f-10 percent .  No modif icat ions 
w e r e  made t o  t h e  measured 
l i q u i d  j e t ,  al though t h e s e  do i nc rease  t h e  e l e c t r i c a l  p a t h  length.  
p a r t  i c u l a r  va lues  of (V/v  2 ) 
d i f f e r e n t  l e v e l s  of l i q u i d  turbulence are present  i n  one region of t h e  da t a .  
With U = 0, considerable  v a r i a t i o n  i n  Ro occurred wi th  changes i n  VI. When 
t h e  v e l o c i t y  p r o f i l e s  of t h e  gas i n j e c t o r s  were measured ( f i g .  4 ) ,  an average 
curve w a s  used, although a s m a l l  v a r i a t i o n  was observed at d i f f e r e n t  
and Pg. A t  d i f f e r e n t  condi t ions C p  and 2 pgV2/Do may not be  q u i t e  equal  
(eq. 

R/Ro because of t h e  waving and bending of t h e  
Since 

were achieved at  d i f f e r e n t  l i q u i d  veloc it ies, 

Umm 

( 2 ) )  and t h u s  cause spread i n  t h e  d a t a .  

DISCUSSION 

No measurements of t h e  r a t e  of l i q u i d  removal from a l i q u i d  j e t  during 
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t h e  breakup process  a r e  p re sen t ly  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  This r a t e  of 
breakup can be der ived mathematically from t h e  c o r r e l a t i o n  of e l e c t r i c a l  r e -  
s i s t a n c e  with d i s t ance  ( f i g .  15). The r e s u l t s  of t h i s  s tudy can then  be ap- 
p l i e d  i n  c a l c u l a t i n g  t h e  rate at which t h e  l i q u i d  m a s s  reaches an atomized 
s t a t e .  

The e l e c t r i c a l  r e s i s t a n c e  per  un i t  l eng th  of l i q u i d  j e t  i s  inve r se ly  pro- 

i s  expresse3 as a func t ion  of d i s t ance  or length,  as represented 
p o r t i o n a l  t o  i ts  c ross - sec t iona l  a r ea  at any point  along t h e  jet. I n  f i g -  
u re  15, R/Ro 
by t h e  average curve 

f o r  E > 1/3 av - - R = 0 . 0 0 3 9 2 ( 3 ~ ~ ~  - i)3*34 + 1 
RO 

For a uniform v e l o c i t y  U over t ime t, t h e  length-averaged d i s t o r t i o n  param- 
e t e r  caV = 1/3 E ( see  appen$ix), where E is  t h e  d i s t o r t i o n  a t  a c e r t a i n  
t ime t or d i s t ance  L. Hence, 

f o r  E > 1 A- = 0 . 0 0 3 9 2 ( ~  - 1)3.34 + 1 
RO 

- 

Since 

it f o l l o w s  t h a t  

D i f f e r e n t i a t i o n  g ives  

Hence, 

This  equation i s  p l o t t e d  i n  f i g u r e  17; t h e  spread of d a t a  corresponding 
i n  f i g u r e  15 is  a l s o  shown. 

t o  t h a t  

For a l l  E < 1, f i g u r e  1 7  shows t h a t  no breakup should occur. This can 
be  i n t e r p r e t e d  as t h e  amount of d i s t o r t i o n  of t h e  l i q u i d  c ross  s e c t i o n  that 
must occur before  any shredding of l i q u i d  from t h e  edges begins.  This breakup 
th re sho ld  i s  independent of t h e  Weber number and should not be  confused with 
t h e  Weber th re sho ld  where su r face  fo rces  balance t h e  imposed dynamic forces .  

13 



Breakup i s  e s s e n t i a l l y  complete f o r  an E v a l u e  of 10 t o  15. Designating 
t h i s  by  
t i o n  ( 6 ) :  

q,, t h e  t i m e  required f o r  complete breakup can be found from equa- 

By d i f f e r e n t i a t i o n  again w i t h  r e spec t  t o  d i s t a n c e  or t i m e ,  t h e  rate of 
area decrease,  f o r  E > - 1, i s  

A (t) = -0.00392 (<r(F) (25.656 - 10.02)(~ - 1)1 .34  

o r  

= -0.00392 ($r($) (25.656 - 10.02)(~ - l)l. 34 

Hence, from t h e  o r i g i n a l  measurements of e l e c t r i c a l  r e s i s t a n c e  as a func t ion  
or" Eav, 
r a t e  of breakup as a func t ion  of t i m e  and environmental condi t ions.  For con- 
venience, l e t  

it is  p o s s i b l e  t o  d e r i v e  expressions f o r  t h e  extent  of breakup and 

2 
P 

P l  (:) 
2 

and h, = 

s o  t h a t  

A L  2 = A t t  2 = E  
L 

Figure  18 shows t h e  v a r i a t i o n  of  (A) o r  d (") with l eng th  L or 
dL A, d t  A, 

t ime t, respect ively,  f o r  several va lues  of AL o r  At, r e spec t ive ly .  These 
curves should be  considered ve ry  approximate i n  shape and amplitude s i n c e  t h e y  
depend on a p a r t i c u l a r  choice of average curve i n  f i g u r e  15. 

COMPARISON WITH OTHER EXPEFUNENTAL RESULTS 

A number of d i f f e r e n t  s t u d i e s  have been made of t h e  breakup of drops and 
j e t s  i n  a gaseous stream. S u i t a b l e  assumptions al low t h e  r e s u l t s  of t h e  s tudy 
herein to be compared with o the r  d a t a  obtained under a wide d i v e r s i t y  of con- 
d i t i o n s .  The f a c t  t h a t  reasonable agreement i n  t h e  r e s u l t s  e x i s t s  i s  an in -  
d i c a t i o n  of t h e  g e n e r a l i t y  of t h i s  approach. 

Reference 15 desc r ibes  drop s i z e  s t u d i e s  of t h e  breakup of va r ious  f u e l s  
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i n j e c t e d  i n t o  a crosscurrent  a i r  stream ins ide  a tunnel .  Included wi th  t h i s  
d a t a  w a s  a r e l a t i v e  mass-dis t r ibut ion survey made 1 inch downstream from t h e  
l i q u i d  i n j e c t o r  c e n t e r l i n e  where breakup w a s  complete. These da ta  a r e  p l o t t e d  
as p a r t  of f i g u r e  19. The condi t ions under which these  d a t a  were obtained were 
qu i t e  d i f f e r e n t  from t h e  condi t ions f o r  t he  present  study: iso-octane has a 
s p e c i f i c  g r a v i t y  of 0.68 and a surface t ens ion  only 30 percent t h a t  of water; 
t h e  o r i f i c e  diameter w a s  0.030 inch and i t s  l eng th  to diameter r a t i o  w a s  
about 1; t h e  t e s t  sec t ion  w a s  a 4- by 12-inch t u n n e l  a t  a pressure s l i g h t l y  l e s s  
than 1 atmosphere. 
perimental  condi t ions of reference 1 5  to c a l c u l a t e  t h e  r a t e  of breakup of t h e  
f u e l  j e t ;  t h e  d i s i n t e g r a t e d  l i q u i d  would then be convected downstream by the  
flowing gas t o  t h e  point  where the  mass-dis t r ibut ion measurements were made. 
The r a t e  of breakup ( m a s s  r e l eased  per u n i t  d i s t ance )  p red ic t ed  by equation (10) 
of t h i s  study i s  shown t o  a r e l a t i v e  sca l e  along the  f u e l  j e t  cen ter l ine .  Drop 
t r a j e c t o r i e s  f o r  the maximum (Dmax) and average (D30) measured drop s i z e s  a r e  
ca l cu la t ed  and a re  shown f o r  each run. These t r a j e c t o r i e s  assume t h a t  no modi- 
f i c a t i o n  of t he  gas v e l o c i t y  i s  caused by t h e  spray of l i qu id .  A t  low gas ve- 
l o c i t i e s  t h e  e f f e c t  of gas entrainment by t h e  l i q u i d  spray i s  more severe, SO 

tha t  i n  runs 4 and 11 the  t r a j e c t o r i e s  shown would be displaced t o  l a r g e r  values  
of x. Reasonable correspondence e x i s t s  between the  ca l cu la t ed  m a s s  d i s t r i b u -  
t i o n  as it i s  convected downstream, and the  measured d i s t r i b u t i o n  of r e f e r -  
ence 15. 

The r e s u l t s  of t h e  present  study may be app l i ed  to t h e  ex- 

Inves t iga t ions  of l i q u i d  j e t  breakup by a shock wave have demonstrated t h a t  
t h e  j e t  i s  broken by the  gas flow behind the  shock f r o n t .  There the  l i q u i d  ex- 
per iences  condi t ions s i m i l a r  to those of t h i s  study. I n  t h e  shock-tube study of 
l i q u i d  j e t  breakup made i n  reference 1 7 ,  t he  flow behind a shock wave moving 
t r ansve r se  t o  the  l i q u i d  j e t  caused d i s i n t e g r a t i o n  t o  occur simultaneously a t  
a l l  poin ts  along i t s  length.  The time r equ i r ed  f o r  complete breakup to occur 
w a s  judged v i s u a l l y  from high-speed frame and s t r e a k  photographs. The measured 
breakup times were compared w i t h  c a l cu la t ed  t imes derived on the  b a s i s  of two 
d i f f e r e n t  models of t he  breakup process:  (1) breakup con t ro l l ed  by t h e  i n t e r -  
mixing of l i q u i d  and gaseous boundary l a y e r s  and ( 2 )  breakup con t ro l l ed  by the  
growth of surface o s c i l l a t i o n s  t o  an unstable  degree of d i s t o r t i o n .  Figure 20 
compares the  measured breakup times of reference 1 7  with those ca lcu la ted  from 
99-percent breakup (A/Ao = 0.01) on t h e  b a s i s  of t h e  present  study. These t imes 
show somewhat b e t t e r  accord with the  measured t imes than t h e  ca l cu la t ed  t imes 
of reference 17 .  Some of the  s c a t t e r  i n  d a t a  i s  introduced i n  the  v i s u a l  judge- 
ment o f  t he  point  of breakup i n  determining measured breakup times. A subse- 
quent study ( r e f .  18) measured breakup times of j e t s  of var ious l i qu ids .  

AS a l i q u i d  cy l inder  f l a t t e n s  i n  one d i r e c t i o n  t ransverse  t o  a flow of 
gas, a sphere should f l a t t e n  i n  two d i r e c t i o n s  forming a disk,  s ince s i m i l a r  
e x t e r n a l  pressure p r o f i l e s  e x i s t .  Photographs of t he  breakup of water drops 
i n  a shock tube from reference 35 show t h e  beginning of d i sk  formation before  
t a n g e n t i a l  f o r c e s  t e a r  of f  t h e  t h i n  periphery.  
reference 35 show breakup commencing a t  time and condi t ions giving a ca l cu la t ed  
value of E = O.:, and complete breakup a t  E = 10 t o  15. The r a t e  of f l a t -  
t en ing  ca l cu la t ed  on t h e  b a s i s  of t h i s  study i s  equal to t h a t  shown at lower 
shock s t rengths ,  bu t  considerably l e s s  t han  t h e  f l a t t e n i n g  shown f o r  a 1 . 7  Mach 
number shock. Equation (31) i n  reference 35 i s  similar to d i s t o r t i o n  equa- 
t i o n  (6), but  i n  computing t h e  d i s t o r t i o n  r a t e  t he  t o t a l  pressure i s  i n s e r t e d  

Figures  4 and 9 to 1 2  of 
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r a t h e r  t han  t h e  d i f f e r e n t i a l  i n  pressure  around t h e  drop. 

Similar  drop breakup s t u d i e s  i n  re ferences  29, 34, and 36 show breakup 
s t a r t i n g  at ca l cu la t ed  E values of 1 t o  2, and gene ra l ly  completed at about 
10 t o  15, o r  as high as 20 t o  30 est imated f o r  t h e  d a t a  of re ference  29. The 
aforementioned re ferences  inc lude  drop breakup p i c t u r e s  f o r  230- t o  4000-micron 
diameter drops of w a t e r ,  methyl alcohol,  and burning and nonburning hydrocarbon 
f u e l s .  G a s  v e l o c i t i e s  ranged from 60 t o  1450 f e e t  per  second. It i s  important 
t o  note  t h a t  i n  each of these re ferences  including re ference  35, considerable  
d i s t o r t i o n  of t h e  l i q u i d  c ross  sec t ion  occurs before  apprec iab le  s t r i p p i n g  of f  
of l i q u i d  drops t a k e s  place.  

D i s to r t ion  rates of drops being acce le ra t ed  through gas  nozzles i n  experi-  
ments descr ibed i n  re ference  27  are considerably lower than  predic ted  by this  
study; however, t h e  su r face  fo rces  should b e  expected t o  s t a b i l i z e  t h e  drops, 
s i n c e  t h e  Weber numbers were only of t h e  order  of 5 t o  10 o r  less. 

I n  t h e  series of r e p o r t s  on l i q u i d  atomizat ion of re ference  16 p i c t u r e s  
and drop s i z e s  of breakup i n  a crossf low of gas are shown. A t  t he  low l i q u i d  
v e l o c i t i e s  reportefi t he re in ,  breakup should occur i n  one t o  two j e t  diameters 
of j e t  length,  which t h e  photographs i n  re ference  16  seem t o  ind ica t e .  

Thus, it appears that i n  a wide v a r i e t y  of cases, bo th  l i q u i d  cy l inde r s  

The breakup rates 
and l i q u i d  spheres can be considered t o  o f f e r  only i n e r t i a l  r e s i s t a n c e  t o  d i s -  
t o r t i n g  fo rces  r e s u l t i n g  from a crosscur ren t  f low of gas .  
measured e l e c t r i c a l l y  i n  t h i s  s tudy  can be appl ied  t o  those  o ther  breakup s i t -  
ua t ions  provided t h a t  t h e  Weber numbers are we l l  above t h e i r  t h re sho ld  f o r  
breakup. 

A number of a n a l y t i c a l  expressions have been proposed f o r  t h e  rate o r  time 
requi red  f o r  a l i q u i d  j e t  t o  break up or atomize. 
b a s i s  of each proposed model or explanat ion of t h e  mechanism of breakup. The 
importance of t h e  var ious  parameters i n  t h e s e  expressions r e f l e c t s  t h e  fo rces  
and e f f e c t s  considered important i n  each re ference .  The exponents on t h e  
var ious  parameters of which breakup t i m e  i s  an exponent ia l  func t ion  are l i s t e d  
i n  t h e  following t a b l e .  For example, i n  t h e  present  study, 

These were der ived on t h e  

I n  seve ra l  cases, t h e  v a r i a b l e s  do not appear as pure exponentisls,  but  f o r  
purposes of comparison t h e y  have been approximated as such i n  t h e  t a b l e .  
Models f o r  i n j e c t i o n  of l i q u i d  i n t o  stagnant gas  as w e l l  as c rosscur ren t  f low 
of gas a r e  included. 

16 



Source  

? r e s e n t  
s tudy  

i e f e r -  
3nce 3Qb 

i e f  er- 
snce 31 

ief er- 
snce 17‘ 

?ef er- 
:rice 19 

ief e r -  
i nce  18 

i e f  e r  - 
m c e  33 

i e f e r -  
3nce 43 

Gas f l o w  

Cross- 
c u r r e n t  

Cross- 
c u r r e n t  

S t agnan t  

Cross- 
c u r r e n t  

Cross- 
c u r r e n t  

Cross- 
c u r r e n t  

S t agnan t  

S tagnan t  

L iqu id  
lrop or 

je t  
l i a m e t  er  

1 

1 

1 

- t o  514 

514 

1.5 t o  
1.12 

312 

512 t o  I 

R e l a t i v e  
- e l o c i t y  of 
.he gas w i t  
r e s p e c t  t c  
t h e  l i q u i d  

v 
-1 

-1 

-1 

-112 to 
-114 

-514 

G a s  
l e n s i t y ,  

pg 

-112 

-112 

-1/2 

-112 t o  
-1/4 

Liqu id  
vis- 

: o s i t y ,  

IJ.1 

( a )  

( a )  

213 -113 3/12 

-0.17 t c  
-0.48 

0 t o  
0.17 

-0 .5 t G  

-1.05 
1.67 t c  

0.6 
-0.33 t 
-0.26 

( a )  -112 112 

L/2 t o  
0 

0 t o  1 -1/2 t o  
-1 

“ E f f e c t s  n e g l e c t e d  b y  a u t h o r  or for purpose  of t h i s  comparison. 

’For l o w  (I and pz. 

‘For 

dFor 

We >> R e ,  de fo rma t ion  model.  

We >> Re,  boundary - l aye r  model.  

CONCLUSIONS 

Photographs of t h e  breakup zone of a w a t e r  j e t  i n  a t r ansve r se  flow of 
n i t rogen  gas show t h e  increase  i n  breakup w i t h  increas ing  gas v e l o c i t y  and 

diameter and ve- 
l o c i t y .  The average t o t a l  r e s i s t a n c e  of t h e  je t  along i t s  l eng th  increases  
sharp ly  w i t h  increas ing  breakup. 
between the  e l e c t r i c a l  r e s i s t a n c e  and the  f a c t o r s  a f f e c t i n g  t h e  breakup. 

I 
l 

dens i ty  and a c t i o n  d i s t ance  and with decreasing l i q u i d  j e t  

I A c o r r e l a t i o n  has been found experimentally 

A success fu l  model of l i q u i d  j e t  breakup i n  a crossf low of gas at high 
Weber numbers c o n s i s t s  of a progressive l i q u i d  spreading t r ansve r se  t o  t he  
gas flow i n  response t o  t he  pressure  d i s t r i b u t i o n  at t h e  l i q u i d  surface and 
r e s i s t e d  only by t he  i n e r t i a  of t h e  l i q u i d .  
ab ly  c o r r e l a t e d  as a func t ion  of the  degree of spreading E, w h e r e .  

The degree of breakup i s  reason- 
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Photographs corroborate  t h e  f a c t  t h a t  l i q u i d  spreading t a k e s  place t r a n s v e r s e  
t o  t h e  gas flow. Breakup starts at an  E of 1 or 2 or at a t ime of 

ti = - Do d q ;  it is e s s e n t i a l l y  complete at E = 10 t o  15, or t i m e  v 

The e l e c t r i c a l  r e s i s t a n c e  along t h e  l eng th  of a l i q u i d  j e t  appears t o  be  
a good measure of j e t  breakup. It i s  i n v e r s e l y  p r o p x t i o n a l  t o  t h e  average 
along t h e  j e t  l e n g t h  of t h e  c ros s - sec t iona l  a r ea .  The r e s i s t a n c e  is  much more 
s e n s i t i v e  t o  environmental changes than  v i s u a l  c r i t e r i a  and i s  l e s s  prone t o  
s u b j e c t i v e  e r ro r s .  Time averaging of t h e  high-frequency f l u c t u a t i o n s  i n  
degree of breakup i s  simple and convenient wi th  an e l e c t r i c a l  s i g n a l  but d i f -  
f i c u l t  v i s u a l l y .  

Other breakup d a t a  f o r  bo th  l i q u i d  j e t s  and l i q u i d  drops a r e  f a i r l y  wel l  
c o r r e l a t e d  by t h e  suggested breakup c r i t e r i o n  E. These d a t a  include l i q u i d s  
of lower d e n s i t y  and lower s u r f a c e  t e n s i o n  t h a n  water and gas v e l o c i t i e s  gen- 
e ra ted  behind a shock wave and i n  a tunnel .  

It i s  suggested that t h i s  breakup c r i t e r i o n  may be app l i cab le  a l s o  t o  t h e  
breakup of conventional f u e l s  o r  cryogenic oxidants  i n  a rocket engine when 
t r a n s v e r s e  v e l o c i t i e s  e x i s t .  

Lewis Research Center 
National Aeronautics and Space Administrat ion 

Cleveland, Ohio, February 25, 1964 
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APPENDIX - DERIVATION OF CORRECTION FACTOR N F O R  

AVERAGE D I S T 3 R T I O N  WITH N 0 N U " O R M  GAS VELOCITY 

I n  t h e  i n t e g r a t i o n s  of equations (3) t o  (5) t o  f i n d  t h e  l i q u i d  d isp lace-  
ment 6, it w a s  assumed t h a t  t h e  gas v e l o c i t y  U was  constant  with t ime. In  
t h e  experimental  equipment, however, U was  a func t ion  of p o s i t i o n  with r e -  
spect  t o  t h e  gas i n j e c t o r .  Hence, i n  der iv ing  t h e  expression f o r  E t o  be 
used i n  c o r r e l a t i n g  t h e  experimental  data ,  U must be considered a v a r i a b l e  i n  
each i n t e g r a t i o n  s t ep .  The d i s t o r t i o n  E can be ca l cu la t ed  from t h e  maximum 
value of t h e  gas v e l o c i t y  Umax and a c o r r e c t i o n  f a c t o r  as follows: 

a = 2 -  % v" 
P l  Do 

where V 2 = U 2 + v; and U = U ( t ) ,  o r  

or 

Normalizing t h e  d i s t ance  by t h e  t o t a l  d i s t a n c e  y i e l d s  
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The co r rec t ion  f a c t o r  t o  E c a l cu la t ed  using Vma is then  

When U i s  constant  wi th  d i s t ance  o r  time, V = Vmax and t h e  co r rec t ion  f a c t o r  
reduces t o  un i ty .  

The r e l a t i v e  d i s t o r t i o n  E and hence t h e  degree of l i q u i d  breakup i s  then  
a func t ion  of L and a co r rec t ion  f a c t o r  ca l cu la t ed  t o  t h a t  po in t  i n  t h e  
l i q u i d  j e t .  However, t h e  e l e c t r i c a l  r e s i s t a n c e  is a func t ion  of t h e  average 
degree of breakup over t h e  l eng th  of t h e  j e t ;  t h e  r e s i s t a n c e  is  then  a func t ion  
of a l e n g t h  average of E and i s  s o  g r a p h i c a l l y  co r re l a t ed .  

where 

When U i s  constant ,  N reduces t o  1/3. 
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Figure  1. - Spray t e s t  chamber and o p t i c a l  system. 
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Figure 3. - In j ec to r  d e t a i l s ,  showing i n t e r i o r  dimensions. 
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Axial v e l o c i t y  of l i q u i d  <jet  
Length average of l i q u i d  

Ratio of measured t o  

vi = 19 f t / s e c  

d i s t o r t i o n  Eav = 3.36 

und i s to r t ed  r e s i s t a n c e  R / R ~  = 10 .3  

v1 = 48.8 f t / s e c  

caV = 0.591 

R/RO = 1 . 6 2  

v1 = 23.4 f t / s e c  
cav = 8.26 

R / R ~  = 3.68 

vi, = 6 2 . 4  f t / s e c  
cav = 0.405 

R/% = 1.49 

C-68960 

vz = 38.8 f t / s e c  
Eav = 0.875 

R/Ro = 1.63 

Figure 7. - Effec t  of l i q u i d  v e l o c i t y  alone upon breakup showing c o r r e l a t i o n  with 
e l e c t r i c a l  r e s i s t a n c e .  Or i f i ce  diameter,  0.089 inch; o r i f i c e  length  t o  diameter 
r a t i o ,  100; gas ve loc i ty ,  127 .5  f e e t  per  second; gas pressure ,  40 pounds per 
square inch gage; gas i n j e c t o r ,  11. 
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Pressure i n  gas phase P = 40 lb/sq in. gage 
Length average of l i q u i d  

Rat io  of nieasured t o  
d i s t o r t i o n  caV = 0.616 

und i s to r t ed  resistance R h o  I 1.48 

P = 7 1  Ib/sq i n .  gage g 
eaV = 0.952 

R/Ro = 1.61 

Pg = 101 lb/sq i n .  gage 
Eav = 1.20 

R/RO = 1.05 

P = 150 Ib/sq i n .  gage g 

Eav = 1.80 

R/Ro = 2.61 

pg = 200 lb/sq i n .  gage 

cav = 2.40 
R/R~ = 3.50 

P g = 249 lb/sq in. gage 

= 2.85 
R/RO = 4.54 

Figure 8. - Effec t  of gas pressure  upon breakup showing c o r r e l a t i o n  with e l e c t r i c a l  r e s i s -  
t ance .  Or i f i ce  diameter,  0.089 inch; o r i f i c e  length  t o  diameter r a t i o ,  100; liquid veloc- 
ity, 47 .7  t o  50 .1  f e e t  per second; gas ve loc i ty ,  1 2 7 . 2  f e e t  per second; gas i n j e c t o r ,  11. 
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Gas v e l o c i t y  u ~ 66.S f t / s e c  
Length average of 

Ratio oT measvred t o  
l i c p i d  d i s t o r t i o n  tev = 0.245 

undistorted r e s i s t a n c e  R/K~ = 1 .18  

U = 127.2 f t / s e c  
F = 0.600 av 

R/RO = 1.23 

u = 247 i ' t/sec 
eav = 1.99 

R/RO = 2 . 7 1  

u = 314 f t / s e c  
tav = 3.12 

R/RO = 7.70 

C-68962 

U = 156.8 f t / s e c  
Eav = 0.820 

R/RO = 1.32 

Figure 9. - Effect of gas vel-ocity upon breakup showing c o r r e l a t i o n  with e l e c t r i c a l  
r e s i s t ance .  Or i f i ce  d i axe te r ,  0.0B9 inch; o r i f i c e  l eng th  t o  diameter r a t i o ,  100; 
l i q u i d  ve loc i ty ,  48 t o  49.5 f e e t  per second; gas pressure ,  LO pounds per square 
inch  gage; gas in,jector,  1 7 .  
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Liquid je t  diameter 
Or i f i ce  l eng th  t o  diameter 

Length average of l i q u i d  

Ratio of measured t o  

Do = 0.065 in .  

r a t i o  L ~ / D ~  = 19 

d i s t o r t i o n  eaV = 1.05 

undis tor ted  r e s i s t a n c e  R/Ro = 1 . 4 1  

D0 = 0.065 in .  

L ~ / D ~  = 19 

EaV = 1.82 

R/RO = 1.98 

Do = 0.08Y i n .  
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eaV = 0.600 
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Uo = 0.0tiY i n .  
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Eav = 0.943 
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L ~ / D ~  = l oo  
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Lo/Do = 10.4 

caV = 0.346 
R/R~ = 1.36 

D0 = 0.120 i n .  
Lo/Do = 10.4 

tav = 0.488 

R/RO = 1.27 

(a) Gas pressure ,  39 t o  42 pounds ( b )  Gas pressure ,  70 t o  7 1  pounds 
per square inch gage. per square inch  gage. 

Figure 10. - Effec t  of l i q u i d  j e t  diameter and o r i f i c e  length  t o  diameter r a t i o  on breakup 
at two gas pressures .  Liquid ve loc i ty ,  46.7 t o  51  f e e t  per second; gas ve loc i ty ,  126.6 
t o  127.6 f e e t  per  second; gas i n j e c t o r ,  11. 
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G a s  i n j e c t o r  
Length average of l i q u i d  

Ratio of measured t o  undis tor ted  

I1 (da = 0.56 i n . )  I1 (da = 0.56 i n . )  

d i s t o r t i o n  EaV = q.575 caV = 0.940 

r e s i s t a n c e  R/Ro = 1.17 R/RO = 1.23 

11' (da = 0.704 i n . )  

caV = 0.833 
R / R ~  = 1.27 

11' (da = 0.704 i n . )  
Eav = 1.25 

R/R~ = 1.45 

( a )  G a s  p ressure ,  39 t o  40 pounds (b)  Gas pressure ,  69 t o  70 pounds 
per  square inch gage. per square inch gage. 

Figure 11. - Effec t  of a c t i o n  d i s t ance  da on breakup a t  two gas pressures .  Or i f i ce  
diameter,  0.089 inch; o r i f i c e  l eng th  t o  diameter r a t i o ,  100; l i q u i d  ve loc i ty ,  48 t o  
49.5 f e e t  per  second; gas ve loc i ty ,  1 2 7 . 2  f e e t  per second. 
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Axial ve loc i ty  of l i q i i i d  jet '2 = 31.9 ft/sec 
Length a.verage o f  l i q u j  d 

Rat io  of measured t o  u m i s t o r t e d  
d i s to r t ion  cay = 3.246 

res i s tance  R/% = 1.40 

vz = 57.7  fi,/see 

caV = 1.936 
R/Ro = 2.39 

J z  = 12 .4  f t j s c c  

FdV 0.526 
- 1.08 

(a )  Gas pressure, 40 Pounds per square inch gage. 

vi, = 61.4 f t / s e c  
'nv = 0.595 

R/Ro = 1.10 

(b) Gas pressure, 101 t o  102 pounds per square inch gage. 

Figure 12. - Perpendicular views of j e t  breakup showing e f f ec t s  of j e t  ve loc i ty  and gas pressure on spreading of 
j e t  transverse t o  gas stream. 
e t e r ,  0.089 inch; o r i f i c e  length t o  diameter r a t io ,  100; gas velocity,  126.7 t o  127.5 f e e t  per second; gas 
in j ec to r ,  11. 

Patterns of calculated r a t e  of spreading are  shown f o r  each case. Orifice diam- 
I 
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edge of phenomena in the atmosphere and space. The Administration 
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